Insulin resistance is a hallmark of type 2 diabetes, and many insights into the functions of insulin have been gained through the study of mice lacking the IR. To gain a better understanding of the role of insulin action in the brain versus peripheral tissues, we created 2 mouse models with inducible IR inactivation, 1 in all tissues including brain (IR Δwb ), and 1 restricted to peripheral tissues (IR Δper ). While downregulation of IR expression resulted in severe hyperinsulinemia in both models, hyperglycemia was more pronounced in IR Δwb mice. Both strains displayed a dramatic upregulation of hepatic leptin receptor expression, while only IR Δper mice displayed increased hepatic Stat3 phosphorylation and Il6 expression. Despite a similar reduction in IR expression in white adipose tissue (WAT) mass in both models, IR Δwb mice had a more pronounced reduction in WAT mass and severe hypoleptinemia. Leptin replacement restored hepatic Stat3 phosphorylation and normalized glucose metabolism in these mice, indicating that alterations in glucose metabolism occur largely as a consequence of lipoathrophy upon body-wide IR deletion. Moreover, chronic intracerebroventricular insulin treatment of control mice increased fat mass, fat cell size, and adipose tissue lipoprotein lipase expression, indicating that CNS insulin action promotes lipogenesis. These studies demonstrate that central insulin action plays an important role in regulating WAT mass and glucose metabolism via hepatic Stat3 activation.
Introduction
Resistance to the biological effects of the peptide hormone insulin represents one of the hallmarks during the development of type 2 diabetes (1, 2). Apart from the direct effect of impaired insulin action on the dysregulation of glucose and lipid homeostasis (3), insulin resistance predisposes to obesity, atherosclerosis, and cardiovascular diseases (reviewed in refs. [4] [5] [6] . Nevertheless, the exact molecular mechanisms leading to insulin resistance in patients suffering from type 2 diabetes are largely unknown, and it remains unclear whether they are restricted to selective tissues or represent a more whole-body phenomenon.
Many insights into the molecular mechanisms of insulin action and its role in individual tissues of the mammalian organism have been gained from the inactivation of the IR gene in mice, either in a conventional fashion (7, 8) or by conditional inactivation of the IR in selected murine tissues (9) (10) (11) (12) (13) . These experiments have yielded unexpected findings with respect to the role of insulin action in classical insulin target tissues such as skeletal muscle, liver, and adipose tissue (9, 11, 12) , but also in tissues previously viewed as non-insulin responsive, such as brain, pancreatic β cells, macrophages, and blood vessels (10, (13) (14) (15) . Nevertheless, analyses of tissue-or cell type-specific IR knockout mice are limited by the lack of IR throughout development. Abnormalities arising from impaired insulin action can therefore be partly compensated for by adaptive processes or arise from developmental defects influencing the differentiation of respective tissues.
To study insulin action and insulin resistance in the pathogenesis of type 2 diabetes in adult mice and to circumvent the problem of compensatory changes in the presence of insulin resistance during development, we opted for a time-controlled approach to gene inactivation. To this end, we created mice with an inducible whole body IR deficiency and an inducible IR knockout restricted to peripheral tissues of adult mice. The comparison of the phenotypes of both models allows the observation of consequences of acutely induced insulin resistance for the first time in adult mice and serves as an excellent model for discerning the effects of peripheral versus whole body insulin resistance in the adult mouse.
Taken together, our findings define CNS insulin action as a pivotal determinant of energy homeostasis and peripheral glucose metabolism in the mouse. In addition, our data support recent findings on the regulation of hepatic Il6 mRNA by central insulin. Nevertheless, leptin-activated Stat3 phosphorylation in liver may alternatively lead to improved glucose metabolism in mice lacking the IR in all tissues, termed IR Δwholebody (IR Δwb ) mice. Intriguingly, the more pronounced lipodystrophy in IR Δwb mice points to what we believe to be a novel regulatory function of central IR signaling in control of lipogenesis, which is further substantiated by the ability of intracerebroventricularly applied insulin in C57BL/6 mice to slightly increase adipocyte size, fat mass, and white adipose tissue (WAT) lipoprotein lipase expression.
Results

Inducible inactivation of the IR gene in peripheral tissues of adult mice.
Mice homozygous for the loxP-flanked IR allele (IR flox/flox ) were crossed with mice expressing a Cre recombinase fused to the mutated ligand binding domain of the estrogen receptor (ER) from the ubiquitous Rosa26 locus (Rosa26CreER T2 mice) ( Figure 1A ) (16, 17) . Upon binding of the synthetic ER antagonist tamoxifen to the ER ligand binding domain, the cytoplasmic fusion protein undergoes a conformational change that induces detachment of all heat shock proteins and results in the nuclear import of the fusion protein. In the nucleus, the Cre recombinase mediates the deletion of all floxed alleles ( Figure 1A ). As previously described for the RosaCreER +/-mice (18), recombination occurs with high efficiency only in peripheral tissues, presumably due to a lower local concentration of tamoxifen in the brain.
To inactivate the IR gene in peripheral tissues of adult mice in an inducible manner and to control for the metabolic effects of tamoxifen treatment, IR flox/flox mice expressing the Rosa26CreER T2 transgene, hereafter termed IR Δperipheral (IR Δper ) mice,
Figure 1
Generation of IR Δper mice. (A) General scheme of the inducible peripheral IR knockout mouse strain. Mice expressing a CreER T2 fusion protein under the control of the Rosa26 promoter were crossed with mice homozygous for the floxed IR allele. Binding of tamoxifen (T) to the mutated ligand binding domain of the ER (ERLBD) promotes a nuclear import of the fusion protein and results in the excision of exon 4 by the Cre recombinase. (B) Genomic map of the mouse IR locus surrounding exon 4. Location of the probe used for Southern blot analysis is indicated by black bars. NcoI, restriction enzyme sites; 4, exon 4 of the IR gene; 2.5 kb, size of floxed allele band; 5 kb, size of deleted allele band. (C) Southern blot analysis of IR deletion in whole brain, heart, skeletal muscle, liver, pancreas, and WAT of 12-week-old IR Δper mice over a period of 12 days. Day 1, beginning of tamoxifen treatment; Δ, 5-kb band of the deleted allele; flox, 2.5-kb band of the floxed allele. (D) Western blot analysis of IR and AKT (loading control) in whole brain, heart, skeletal muscle, liver, pancreas, and WAT of tamoxifen-treated 13-week-old IR Δper mice and control mice over a period of 24 days. Day 1, beginning of tamoxifen feeding.
and IR flox/flox Rosa26CreER T2 -negative (Control Δper ) mice were treated daily by oral administrations of 5 mg tamoxifen on 5 consecutive days. At various time points during and after the feeding period, tissues were removed from the animals and recombination of the floxed IR gene was assessed by Southern blot analysis ( Figure 1 , B and C). Only 2 days after the start of tamoxifen administration, partial recombination of the floxed IR gene was detectable in heart, skeletal muscle, liver, pancreas, and WAT. Recombination was almost complete on the first day after the last feeding (day 6) ( Figure 1C ). While deletion was variable in heart, ranging between 70% and 80%, more than 90% of the recombined IR flox/flox allele was detectable in skeletal muscle and liver. The most efficient recombination occurred in pancreas and WAT ( Figure 1C ), while as expected, less than 15% of the IR flox/flox allele recombined in the CNS.
Taken together, there was efficient tamoxifen-induced recombination of the IR flox/flox allele in IR Δper mice in metabolically relevant peripheral tissues such as heart, skeletal muscle, liver, pancreas, and WAT, without significant recombination occurring in the CNS.
To investigate the impact of Cre-mediated recombination on IR protein expression, we performed western blot analyses on tissue lysates obtained from IR Δper mice during and after tamoxifen treatment. As expected, the level of immunoreactive IR protein paralleled that of IR flox/flox recombination ( Figure 1D ). Hence, while there was a decline of IR expression in heart and skeletal muscle over the course of 24 days after the beginning of tamoxifen administration, the maximum reduction of IR expression observed on day 30 was approximately 50% in the former and approximately 90% in the latter, consistent with the presence of unrecombined IR flox/flox alleles in these tissues (Figure 1 , C and D, and Figure 2, A and B) .
Similarly, IR protein expression was virtually abolished in liver, pancreas, and WAT of IR Δper mice after completion of tamoxifen treatment ( Figure 1D, Figure 2 , A and B, and Figure 3A) . Protein extracts prepared from whole brain revealed no alteration in immunodetectable IR protein ( Figure 1D and Figure 2 , A and B). To rule out the possibility that the modest amount of Cre-mediated recombination detectable in whole brain extracts of IR Δper mice ( Figure 1C ) was due to complete recombination in a restricted area of the brain rather than a general low degree of recombination, individual brain regions were probed for immunodetectable IR protein. This analysis revealed unaltered IR expression in hypothalamus, cortex, and cerebellum of tamoxifen-treated IR Δper mice ( Figure 2, A and B) . Hence, consistent with the pattern of DNA recombination, IR protein expression was efficiently reduced in peripheral tissues of IR Δper mice without significant alterations in the CNS.
Next, we determined the ability of insulin to activate signaling in skeletal muscle and liver of control and IR Δper mice. Consistent with abrogated insulin action as a consequence of IR deficiency, insulin failed to activate phosphorylation of protein kinase B (also known as Akt) at serine residue 473 in skeletal muscle of IR Δper mice (Figure 2, C and D) . Similarly, insulin-stimulated Akt Inducible inactivation of the IR in peripheral tissues and the brain. To investigate the relative contribution of insulin resistance in the CNS in an inducible fashion in addition to peripheral insulin resistance, we employed a second mouse model in which transcription of an shRNA is directed against the IR. This shRNA is under transcriptional control of the human H1/U6 promoter, which contains a tetracycline-operated sequence (tetO). In the presence of the tetracycline repressor (tetR), transcription of the shRNA is silenced. Upon doxycycline administration, the tetR is sequestered from the promoter, thus allowing for ubiquitous transcription of the IR shRNA ( Figure 3A ) (19, 20) . Adult mice carrying this transgene (IR Δwb ) and wild-type littermates (Control Δwb ) were given doxycycline-supplemented water for 30 days, and expression of the IR was analyzed in various tissues. Upon doxycycline-mediated induction of shRNA transcription, there was a similar decrease in IR expression in skeletal muscle and liver compared with expression in the IR Δper mice, but additionally there was a significant, more than 90% reduction of IR expression in the CNS (Figure 3 , B and C). In conclusion, the 2 inducible insulin resistance mouse models described here displayed a similar degree of IR inactivation in peripheral tissues, while the doxycycline-regulated shRNA expression in IR Δwb mice also resulted in the significant reduction of IR expression in the CNS. Thus, a comparative analysis of these 2 mouse strains allows insights into the additional effect of neuronal insulin resistance in comparison with peripheral insulin resistance.
Central insulin resistance leads to more severe lipodystrophy. When body weight was measured upon IR inactivation in IR Δper and IR Δwb mice, it became obvious that acute inactivation of the IR in peripheral tissues of adult mice had little effect on the regulation of body weight. We observed only a transient decrease in body weight between days 6 and 18 after tamoxifen treatment of IR Δper mice (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI31073DS1). In contrast, IR Δwb mice exhibited a continuous decrease in body weight upon induction of the IR shRNA (Supplemental Figure 1A) . Interestingly, although both mouse models displayed the same degree of IR deficiency in WAT as determined by western blot analysis ( Figure 3 , B and C), almost no residual WAT was detectable in IR Δwb mice 30 days after start of treatment, while IR Δper mice merely exhibited a reduction in WAT mass of 40% ( Figure 4A ). In accordance, assessment of body com- position using nuclear magnetic resonance revealed a significant reduction in whole fat mass for IR Δwb mice, while the differences in fat mass detected between tamoxifen-treated IR Δper mice and littermate controls did not reach significance ( Figure 4B ). Moreover, while both models of inducible insulin resistance did not result in significantly altered serum concentrations of free fatty acids (Figure 4C ), only IR Δwb mice exhibited significantly increased plasma triglyceride concentrations ( Figure 4D ).
To establish whether the reduction in adipose tissue represents a tissue-specific phenomenon or is also detectable in other organs of IR Δwb mice, we determined organ weight of liver, skeletal muscle, brain, kidney, lung, and heart of IR Δwb mice. This analysis revealed a selectively reduced mass of WAT, while weights of the other organs tested remained unchanged in IR Δwb mice compared with controls ( Figure 4E ). Taken together, these experiments reveal that combined insulin resistance in the CNS and peripheral organs leads to a much more pronounced lipodystrophy than insulin resistance restricted to the periphery, including WAT.
It is well documented that insulin inhibits lipolysis in adipocytes via activation of the IR expressed on these cells (21) (22) (23) . In light of the more pronounced lipodystrophy detected in IR Δwb mice, we next directly addressed whether insulin acting via the CNS has additional effects on adipocyte function. To this end, C57BL/6 mice received a chronic intracerebroventricular infusion of either insulin or carrier solution over a period of 7 days. While insulin administration into the right lateral ventricle did not affect food intake or overall body weight (data not shown), WAT mass of mice receiving intracerebroventricular insulin infusions was slightly but significantly elevated ( Figure 5A ). The increase in adipose tissue mass was also reflected in an augmented adipocyte size as determined by histological and computational analysis ( Figure 5 , B and C). In addition, mRNA analysis revealed an increase of the lipogenesis-promoting enzyme lipoprotein lipase in WAT ( Figure 5D ). These data directly indicate that insulin action in the CNS regions accessible by lateral ventricle insulin infusion, in addition to its fat cell-autonomous inhibition of lipolysis, promotes lipogenesis.
Insulin inhibits adipocyte-autonomous leptin secretion. Given the differential regulation of WAT mass, we next measured the concentrations of different adipokines along several time points after induction of IR deficiency in IR Δper mice and IR Δwb mice. Analysis of circulating serum leptin concentrations showed a constant increase in serum leptin concentrations in IR Δper mice compared with control animals after induction of IR deletion in peripheral tissues ( Figure 6A ). In contrast, deleting the IR additionally in the CNS of IR Δwb mice led to a progressive decline in circulating serum leptin concentrations ( Figure 6B ). However, when leptin concentrations were corrected for epigonadal fat pad weight, both IR Δper and IR Δwb mice exhibited a staggering increase in leptin levels compared with their tamoxifen-or doxycycline-treated littermate controls ( Figure  6C ). In a similar manner, while circulating adiponectin concentrations were only decreased in IR Δwb mice, serum adiponectin levels were found to be significantly increased in both IR Δper and IR Δwb mice when correlated with WAT mass ( Figure 6 , D and E).
In conclusion, lack of IR expression in adipocytes results in an increase in leptin and adiponectin secretion from the adipose tissue. In the case of the IR Δwb mice, this effect is masked by the more predominant phenotype of reduced adipose tissue mass, whereas the rise in serum leptin levels remains detectable in the IR Δper mice ( Figure 6F ).
Peripheral and central insulin action regulate hepatic long isoform of leptin receptor expression. We next focused on the potential impact of increased leptin concentrations on leptin signal transduction in peripheral tissues by determining the expression of the long isoform of the leptin receptor (ObRb) in liver of IR Δper and IR Δwb mice. This analysis revealed a striking 76-fold increase in ObRb mRNA expression in IR Δper compared with control mice ( Figure 7A ). In IR Δwb mice, a significant increase in hepatic ObRb mRNA expression could also be detected, although to a lesser extent than in IR Δper mice ( Figure 7B ). In both mouse models, the rise in ObRb mRNA was reflected by a dramatic increase in ObRb protein expression, as shown by western blot analysis, while almost no immunoreactive ObRb was present in the liver of tamoxifen-or doxycycline-treated control mice ( Figure 7C ).
To determine whether a rise in hepatic ObRb expression in the presence of elevated leptin concentrations resulted in increased leptin receptor signaling, we next determined the expression and tyrosine phosphorylation of a downstream target of leptin signaling, Stat3. While hepatic Stat3 protein expression remained indistinguishable between control and IR Δper mice, a significant increase in tyrosine phosphorylated Stat3 could be detected in IR Δper mice ( Figure 7D ). In contrast, both expression and tyrosine phosphorylation of Stat3 were unaltered in IR Δwb mice compared with control mice ( Figure 7E ). When combined, these findings show that both acute selective peripheral and whole body insulin resistance lead to ObRb upregulation in liver.
Figure 6
Insulin inhibits cell-autonomous leptin secretion. (A) Serum leptin levels of 14-week-old Control Δper (n = 18) and IR Δper mice (n = 18) over a period of 30 days. Values are mean ± SEM. **P ≤ 0.01, ***P ≤ 0.001 versus control. (B) Serum leptin levels of 14-week-old Control Δwb (n = 5) and IR Δwb mice (n = 5) over the course of 30 days. Values are mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 versus control. (C) Serum leptin levels correlated with epigonadal fat pad weight of 14-week-old Control Δper (black bar; n = 17), IR Δper (white bar; n = 13), Control Δwb (dark gray bar; n = 13), and IR Δwb mice (light gray bar; n = 6). Concentrations were measured 30 days after start of tamoxifen or doxycycline administration. Values are mean ± SEM. *P ≤ 0.05 versus control. (D) Serum adiponectin levels of 14-week-old Control Δper (black bar; n = 13), IR Δper (white bar; n = 8), Control Δwb (dark gray bar; n = 13), and IR Δwb mice (light gray bar; n = 18). Samples were taken 30 days after start of tamoxifen or doxycycline administration. Values are mean ± SEM. ***P ≤ 0.001 versus control. (E) Serum adiponectin levels correlated with epigonadal fat pad weight of 14-week-old Control Δper (black bar; n = 13), IR Δper (white bar; n = 10), Control Δwb (dark gray bar; n = 13), and IR Δwb mice (light gray bar; n = 16). Samples were taken 30 days after start of tamoxifen or doxycycline administration. Values are mean ± SEM. *P ≤ 0.05; *P ≤ 0.001 versus control. (F) General scheme for the effects of insulin resistance on circulating leptin and adiponectin levels. As a result of the loss of peripheral IR signaling, leptin and adiponectin secretion is disinhibited, resulting in an increase in circulating concentrations, still detectable in the raised leptin levels of IR Δper mice. However, in IR Δwb mice this effect is masked by a dramatic reduction in WAT mass.
Central insulin action regulates hepatic Il6 mRNA levels. Recently, insulin was demonstrated to activate hypothalamic insulin signaling, leading to increased hepatic Il6 mRNA expression and resulting in Stat3 phosphorylation in hepatocytes (24), a process specifically regulated via Agouti-related peptide neurons (25) . Since IR expression in the brain is unaltered in IR Δper mice and these mice exhibit increased circulating serum insulin concentrations, we hypothesized that intact neuronal insulin signal transduction may lead to IR Δwb mice display a higher degree of impaired peripheral glucose metabolism. To determine the regulation of peripheral glucose metabolism after acute induction of peripheral or whole body insulin resistance, blood glucose levels in randomly fed mice were assessed daily from the period of induction with either tamoxifen in IR Δper or doxycycline in IR Δwb mice. An early onset rise of blood glucose concentrations in IR Δwb mice was observed, reaching 600 mg/dl 17 days after the beginning of doxycycline induction ( Figure 8A ). IR Δper mice also exhibited a clear increase in blood glucose concentrations after completion of tamoxifen treatment. Nevertheless, both the kinetics of hyperglycemia onset and the magnitude of hyperglycemia reached were significantly lower in IR Δper mice ( Figure 8A ). Blood glucose concentration reached the maximum of approximately 400 mg/dl 17 days after start of tamoxifen administration and stayed stable in this range during the following 2 weeks ( Figure 8A ). Accordingly, glucose tolerance tests performed at day 18 after induction of IR ablation in both mouse models disclosed a significant impairment of glucose tolerance in IR Δper mice (Supplemental Figure 1B) . Fasting blood glucose concentrations remained unaltered at the same time point (Supplemental Figure 1B) . IR Δwb mice, on the other hand, exhibited a significant increase in fasting blood glucose concentrations but also reacted with a significant rise in blood glucose concentrations upon exogenous glucose administration (Supplemental Figure 1C) . Since IR deletion occurred to a similar extent in peripheral tissues of IR Δper and IR Δwb mice, these data indicate that lack of the IR in the CNS of IR Δwb mice leads to a significantly more severe impairment of peripheral glucose homeostasis.
Leptin administration improves glucose metabolism in IR Δwb mice.
To analyze whether loss of signaling via hepatic Stat3 in IR Δwb mice, either as a consequence of reduced hepatic Il6 expression or due to the absence of leptin, contributes to the impairment of peripheral glucose homeostasis, doxycycline-treated IR Δwb mice and littermate controls received a chronic leptin infusion over a period of 7 days via subcutaneously implanted osmotic mini-pumps. Serum leptin levels were measured immediately before and at several time points during chronic administration of leptin. Both in IR Δwb mice and littermate controls, leptin levels were significantly increased as early as 2 days after pump implant and remained high over the course of the experiment (Supplemental Figure 2A) . Western blot analysis revealed the restoration of hepatic Stat3 tyrosine phosphorylation after leptin reconstitution in IR Δwb mice, whereas no increase in phosphorylated Stat3 could be detected in controls receiving leptin infusions ( Figure 8B) , consistent with the very low abundance of ObRb expression in liver of control mice (Figure 7 , A-C). Strikingly, in parallel to increased Stat3 phosphorylation in IR Δwb mice receiving leptin infusion, blood glucose levels decreased dramatically 2 days after the start of leptin infusion to levels comparable with those found in control mice ( Figure 8C) . Notably, blood glucose concentrations were completely normalized only for the period of time when leptin replacement achieved plasma leptin concentrations exceeding those observed in IR Δper mice. Nevertheless, when plasma leptin concentrations declined over time, reaching concentrations found in IR Δper mice, a significant improvement of glucose metabolism could still be observed (Figure 8C and Supplemental Figure 2A ). To discern whether leptin restoration improves glucose metabolism in IR Δwb mice via direct ObRb-mediated signaling or indirectly via upregulation of hepatic Il6 expression, we next determined hepatic Il6 mRNA expression in control and IR Δwb mice before and during leptin replacement. This analysis revealed that leptin restoration does not upregulate hepatic Il6 mRNA expression ( Figure 8D ), supporting the notion that leptin acts directly via hepatic ObRb signaling to activate Stat3 and to restore glucose metabolism in IR Δwb mice. In addition, these findings suggest that hepatic Il6 mRNA expression is controlled by central insulin action. Moreover, leptin restoration in IR Δwb mice resulted in a significant reduction of glucose-6-phosphatase mRNA expression, which was initially increased in IR Δwb mice ( Figure  8E ). Taken together, these data show that restoring hepatic Stat3 activation largely ameliorates dysregulated glucose metabolism in IR Δwb mice, at least in part by repressing hepatic gluconeogenesis.
Peripheral and central insulin resistance result in β cell hyperplasia. Because insulin resistance restricted to pancreatic β cells throughout development has been demonstrated to impair insulin secretion, we determined serum insulin concentrations and the insulin secretion response to exogenously applied glucose in IR Δper and IR Δwb mice. Assessment of serum insulin concentrations revealed a similarly significant degree of hyperinsulinemia as an indirect measure of peripheral insulin resistance in both IR Δper and IR Δwb mice upon induction of IR ablation (Supplemental Figure 2B) . IR Δper mice reached a maximum 50-fold increase on day 18, while IR Δwb mice displayed their maximum on day 12 following the induction of IR ablation (Supplemental Figure 2B) .
Further analysis revealed a significant increase in fasting serum insulin concentrations in IR Δper and even higher levels in IR Δwb mice, consistent with the degree of insulin resistance in these mouse models ( Figure 9A ). Following an intravenous injection of glucose, serum insulin concentrations of IR Δper mice were significantly elevated, both acutely within 5 minutes after glucose injections and in a prolonged fashion 30 minutes after injection ( Figure 9A ), whereas this pattern of glucose-stimulated insulin secretion appeared altered in IR Δwb mice. However, given the dramatic increase in fasting plasma insulin concentrations in IR Δwb mice, it may be difficult to draw conclusions on insulin secretion patterns in this situation.
Histological analysis of pancreatic tissues revealed a clear β cell hyperplasia upon induced IR ablation in both mouse models, consistent with the β cell proliferative response to insulin resistance (Figure 9 , B and C). Quantitative assessment of β cell mass revealed a 2-fold increase in β cell mass 3 weeks after induction of IR deficiency, indicating a fast hyperproliferative β cell response to peripheral insulin resistance ( Figure 9B ). On the other hand, despite a significant enlargement of pancreatic islets both in IR Δper and IR Δwb mice, their architecture appeared normal, with unaltered distribution of insulinproducing β cells and glucagon-producing α cells ( Figure 9C ).
These data indicate that in response to acutely induced insulin resistance in adult mice, even within pancreatic β cells themselves, β cell mass remains dynamic and still allows for the occurrence of β cell hyperplasia. 
Discussion
Over the past few years, it has become widely acknowledged that insulin has profound effects in the CNS, where it modulates a variety of functions, including the regulation of food intake, sympathetic activity, peripheral glucose homeostasis, and reproductive endocrinology (10, (26) (27) (28) . To elucidate the contribution of brain insulin signaling compared with peripheral insulin signaling with respect to the pathophysiology of insulin resistance, we have employed 2 acutely inducible IR-deficient mouse models. The IR Δwb mice showed a strong reduction of the IR in all tissues including the CNS, whereas the IR Δper mice lacked the IR only in the periphery.
The IR Δper mouse model uses a Cre recombinase-steroid receptor fusion protein to acutely induce a peripheral IR knockout. These RosaCreER T2 -expressing mice showed little or no recombination in brain, thought to be an effect of a lower local concentration of tamoxifen in the CNS (18) potentially attributable to low-efficiency transport of tamoxifen through the blood-brain barrier. Therefore, this model serves as an ideal tool for analyzing the effects of acutely induced peripheral insulin resistance. The IR Δwb mouse model employs the method of conditional RNAi-mediated gene knockdown through the expression of an ubiquitous IR-specific shRNA. In both models the onset of systemic insulin resistance can be modulated through administration of inducers, tamoxifen in IR Δper mice and doxycycline in IR Δwb mice. Our findings show the successful generation of 2 inducible insulin resistance models that serve to study the role of insulin action and insulin resistance devoid of any developmental compensation, thus bypassing any changes arising from deletion of the IR during embryonic development. As type 2 diabetes in humans manifests itself at a later stage in life, the adult mouse model is more likely to yield insights into the consequences of acquired insulin resistance.
Recent studies have provided increasing evidence for a role of neuronal insulin action in the maintenance of glucose homeostasis (26, (29) (30) (31) (32) (33) . Nevertheless, it remains debated whether insulin's direct or indirect effects on peripheral tissues are more important determinants in these mechanisms. On the one hand, Edgerton et al. have shown that insulin's direct effects on the liver regarding the control of hepatic glucose production prove dominant over indirect effects in conscious dogs (34) . The importance of insulin's direct effects has also been elaborately described by the analysis of liver-specific IR knockout mice, which exhibit increased plasma insulin levels and signs of hepatic insulin resistance (12) . In contrast, the neuron-specific IR knockout mouse shows moderate signs of diet-dependent obesity but also impaired supression of hepatic glucose production (10), evidence for a significant indirect effect of insulin signaling in the regulation of hepatic glucose production. This is supported by studies employing injections of antisense oligonucleotides to impair IR signaling selectively in the mediobasal hypothalamus (26, 29) . These controversial findings have been subject to extensive discussion and, along with other findings, have been attributed to differences of glucose metabolism in different species (35) . The present study reveals several aspects we believe to be novel in understanding the consequences, and particularly the relative contribution, of CNS insulin action to metabolic regulation.
Both IR Δper and IR Δwb mice displayed a significant reduction of WAT mass, which was expected to a certain degree due to the loss of inhibition of lipolysis by insulin, owing to the cell-autonomous action of insulin on adipocytes and consistent with a reduction of fat mass in fat-specific IR knockout mice (9) . Surprisingly, the loss of epigonadal fat pads in IR Δwb mice was much more pronounced compared with IR Δper mice in the presence of the same degree of IR ablation in adipose tissue. Body composition analysis revealed a significantly more pronounced loss of fat mass in IR Δwb mice, while the size of other organs remained unaltered. Recent studies suggest the presence of a newly discovered neuroendocrine circuit in the CNS involving ghrelin, which is responsible for the regulation of metabolism in adipose tissue (36) . Chronic intracerebroventricular administration of ghrelin resulted in an increase in glucose and triglyceride uptake in white adipocytes, inhibition of lipid oxidation, and a rise in lipogenesis (36) . Our findings suggest a role for central insulin in this CNS neuroendocrine network of adipose metabolism. Chronic intracerebroventricular infusion of insulin into the lateral ventricle of C57BL/6 mice resulted in a slightly increased epigonadal fat pad mass, larger adipocytes, and an increase in the fat storage-promoting enzyme lipoprotein lipase compared with mice receiving carrier infusion. As mentioned before, isolated neuronal insulin resistance, either via tissue-specific knockout mouse models (10) or through injection of either antisense oligonucleotides directed against the IR (26, 29) or lentiviral-mediated knockdown of the IR in the mediobasal hypothalamus in rats (37) , has been shown to result in a modest increase in fat pad mass and mild obesity. The increase in body weight as a consequence of central insulin resistance appears to result from hyperphagia and/or altered energy expenditure. Nevertheless, the phenotype of NIRKO mice is confounded by hypogonadism in these animals. Lateral intracerebroventricular infusion of insulin as used in the present study, on the other hand, has been shown not to alter food intake in rodents (38) , but apparently allows access of insulin to brain areas regulating lipogenesis in WAT (Figure 10 ), indicating that our findings have uncovered a role for central insulin in the neuronal control of lipogenesis in addition to the well-documented adipocyte-autonomous inhibition of lipolysis. Taken together, our studies reveal differential, partially counterbalancing actions of insulin in the CNS, a catabolic function via control of food intake, and an anabolic function via indirect stimulation of lipogenesis. These data are in line with the notion that insulin acts as a primary hormone to control metabolism, while its overall energy homeostasis-regulating function appears to be minor compared with leptin.
Since adipokine secretion is tightly correlated with the amount of adipose tissue (reviewed in ref. 39) , the differential regulation of WAT mass observed in IR Δper and IR Δwb mice implied consequences for circulating leptin and adiponectin levels. Leptin acts as an essential endocrine signal to the hypothalamus in the control of food intake and energy balance (40) . Until today, the effects of insulin on leptin expression remain controversial. In vitro, while several studies could detect only mild or no effects of insulin on leptin expression (41-43), others have described a stimulating function for insulin on leptin expression and secretion in adipocytes (44) (45) (46) . In vivo, the contradiction persists, as some groups report that insulin does not regulate leptin expression or secretion (47, 48) , yet others have found that insulin increases plasma leptin levels (49, 50) . After induction of peripheral insulin resistance, the IR Δper mice exhibited a dramatic increase in circulating leptin concentrations. In contrast, as previously published for transgenic models of lipodystrophy (51), IR Δwb mice displayed very low circulating leptin levels. However, when correlated with the amount of epigonadal fat, leptin levels were clearly increased to the same extent in IR Δper mice and in IR Δwb mice, as was the case with plasma adiponectin levels. Thus, insulin appears to inhibit leptin secretion in a WAT-autonomic manner, consistent with the notion that loss of IR signaling specifically in adipocytes results in a rise in leptin secretion from the adipose tissue (9) . In IR Δwb mice, although adipocyte-autonomous leptin secretion was increased, levels of circulating leptin were reduced as a consequence of the dramatic reduction in WAT mass. In IR Δper mice, however, the rise in serum leptin levels remained visible, due to the less dramatic reduction of WAT.
Concomitantly, adiponectin concentrations of IR Δper mice and IR Δwb mice were upregulated when correlated with WAT mass. This at first appears paradoxical, since it is well established that total plasma adiponectin is reduced in insulin-resistant subjects. However, other studies have previously reported a contradictory hyperadiponectinemia in patients with severe insulin resistance due to loss-of-function mutations in the IR (52) . Strikingly, mutations in Akt2, a signaling molecule downstream of the IR in its signal transduction pathway, led to low leptin and adiponectin concentrations, indicating that elevated adiponectin concentrations in the presence of impaired IR function may reflect a loss of inhibition of adiponectin expression by an Akt2-independent insulin signaling pathway in adipocytes (52) . Further studies have revealed that hyperadiponectinemia with loss of IR function is not dependent on developmental receptor dysfunction (53), a fact further supported by the inducible IR Δper and IR Δwb mouse models of insulin resistance employed here.
Leptin mediates its signaling-dependent effects by binding to the ObRb (54, 55) . Both IR Δwb and IR Δper mice showed a surprising increase in mRNA expression of the ObRb in liver, as well as an increase in shedding of hepatic ObRb as binding protein (56) . Upregulation of ObRb expression in liver could therefore be either a direct consequence of impaired insulin action in hepatocytes or other peripheral tissues, as it is observed to similar extents in both mouse models, or a secondary effect caused by increased leptin concentrations, as has been previously published (57) . However, a similar increase in ObR expression in hepatocyte-specific IR knockout mice indicates that insulin suppresses ObR expression in liver in a cell-autonomous fashion (58) .
Binding of leptin to the leptin receptor leads to receptor homodimerization, followed by activation of the JAKs, which in turn recruit and activate Stat proteins. Activated Stat proteins dimerize and translocate to the nucleus, where they bind to the DNA and activate transcription of target genes (reviewed in ref. 59 ). In addition to elevated leptin levels and increased ObRb mRNA and protein expression, IR Δper mice exhibit significantly increased phosphorylation of hepatic Stat3. In contrast, expression and tyrosine phosphorylation of Stat3 in IR Δwb mice that display low plasma leptin concentrations in the presence of elevated ObRb mRNA and protein expression are unaltered.
Also, Il6 mRNA expression in the liver is significantly increased in IR Δper mice after induction of IR deficiency, whereas the expression remains unaltered in IR Δwb mice, indicating a role for central insulin action in the regulation of hepatic Il6 mRNA. Since Stat3 is not only a target of leptin, but has recently been demonstrated as a target of the brain insulin signaling pathway by regulation of hepatic Il6 expression (24, 60) , activation of hepatic Stat3 may be either a result of intact neuronal insulin signal transduction leading to an upregulation of hepatic Il6 mRNA expression or a direct consequence of leptin signaling through the hepatic ObRb.
IR Δwb mice, lacking CNS insulin signaling, suffer from more severe hyperglycemia than IR Δper mice. Restoration of Stat3 tyrosine phosphorylation in IR Δwb mice results in a significant improvement of hyperglycemia to normal blood glucose levels. Although these experiments cannot ultimately rule out whether improved glucose metabolism in IR Δper mice versus IR Δwb mice is a consequence of Stat3 phosphorylation caused either by maintaining Il6 regulation, which is controlled by insulin signaling in the brain, or by elevated leptin concentrations in the presence of increased hepatic ObRb expression, these differential phenotypes of IR Δper and IR Δwb mice provide additional evidence for a physiologically relevant role of activated hepatic Stat3 signaling in glucose homeostasis in mice.
Pancreatic β cell IR knockout mice (βIRKO) suffer a loss of glucose-stimulated insulin secretion (13) . A diminished first-phase insulin secretion is an early marker of β cell deterioration. The IR Δper mice, despite showing an IR deletion efficiency of more than 95% in pancreas ( Figure 1C) , did not exhibit a significant impairment in this pathway. Fasting plasma insulin levels in IR Δwb mice were significantly higher than those found in IR Δper mice, consistent with a more severe degree of insulin resistance in this mouse model due to higher blood glucose concentrations. Though significantly enlarged, no structural defects could be detected in pancreatic islets of IR Δper and IR Δwb mice, nor was the distribution of β cells altered in either mouse model. This is a clear indication that the IR is not required for acute β cell hyperproliferation, since β cell hyperplasia still occurs and the response to exogenously administered glucose is still detectable in IR Δper mice.
Taken together, our findings define CNS insulin action as a pivotal determinant of peripheral glucose and fat metabolism in the mouse. Our data underline the importance of hepatic Stat3 signaling in control of glucose metabolism and indicate what is to our knowledge a novel role for CNS insulin action in the regulation of adipocyte metabolism. Moreover, the differential phenotypes of mice with inducible versus constant gene inactivation reveals evidence for the occurrence of developmental changes in the latter type of models.
Methods
Animals. Mice were housed in a specific pathogen-free facility at 22-24°C on a 12-h light/12-h dark cycle with the lights on at 6 am and were fed standard rodent chow (Teklad Global Rodent 2018; Harlan Winkelmann GmbH) containing 53.5% carbohydrates, 18.5% protein, and 5.5% fat. All animals had access to water ad libitum. Food was only withdrawn if required for an experiment. At the end of the study period, all animals were sacrificed by CO2 anesthesia. All animal procedures and euthanasia were reviewed by the animal care committee of the University of Cologne, approved by local government authorities (Bezirksregierung Köln), and were in accordance with NIH guidelines.
Generation of mice. IR flox/flox mice were bred with mice heterozygous for the expression of a fusion protein consisting of a mutated ligand binding domain of the ER and the Cre recombinase from the Rosa26 locus (Rosa26CreER T2 ) (18) . Resulting offspring were further intercrossed with IR flox/flox mice to yield IR flox/flox Rosa26CreER T2+/-mice. Tamoxifen-treated IR flox/flox Rosa26CreER T2 -positive mice are referred to as IR Δper mice, and tamoxifen-treated IR flox/flox Rosa26CreER T2 -negative mice were used as respective controls (Control Δper ). Genotyping was performed by PCR on DNA extracted from tail biopsies using customized primers: sense, 5′-GAT-GTGCACCCCATGTCTG-3′, antisense, 5′-CTGAATAGCTGAGACCA-CAG-3′ (IR allele); and sense, 5′-ACCTGAAGATGTTCGCGATTATCT-3′, antisense, 5′-ACCGTCAGTACGTGAGATATCTT-3′ (CreER T2 transgene).
Mice expressing a shRNA against the IR were generated as previously described (20) . Doxycycline-treated shRNA are referred to as IR Δwb mice, and doxycycline-treated wild-type littermates as Control Δwb mice.
Experimental setup. On 5 consecutive days at the age of 10-12 weeks, 5 mg tamoxifen was administered to IR Δper and Control Δper mice by oral gavage using a 22-gauge feeding needle. Ten-to 12-week-old shRNA-expressing mice (IR Δwb ) and C57BL/6 littermates (Control Δwb ) were administered drinking water supplemented with 10% sucrose (AppliChem GmbH) plus 2 mg/ml Doxycycline Hyclate (D-9891; Sigma-Aldrich) to induce the H1/U6 promoter over a period of 30 days. Doxycycline-supplemented water was changed every 2 days. Body weight and blood glucose levels were monitored daily. Food intake was measured over a period of 30 days, and daily food intake was calculated as the average intake of chow over the time stated.
Analytical procedures. Blood glucose values were determined from whole venous blood using an automatic glucose monitor (GlucoMen GlycÓ; A. Menarini Diagnostics). Insulin, leptin, and adiponectin levels in serum were measured by ELISA using mouse standards according to the manufacturer's guidelines (Mouse/Rat Insulin ELISA; Crystal Chem Inc.; ACTIVE Murine Leptin ELISA; Diagnostics Systems Laboratories Inc.; Quantikine Mouse Adiponectin/Acrp30 ELISA; R&D Systems). Free fatty acids were measured using the Nefa C Kit (Wako Chemicals) according to the manufacturer's protocols. Triglycerides were measured from serum using a clinical diagnostic system (Hitachi).
Glucose tolerance test. Glucose tolerance tests were performed on animals that had been fasted overnight for 16 hours. Animals were injected with 2 g/kg body weight of glucose into the peritoneal cavity. Glucose levels were determined in blood collected from the tail tip immediately before and 15, 30, 60, and 120 minutes after the injection.
Glucose-stimulated insulin secretion. All animals were fasted overnight for 16 hours. Blood samples were collected from mice prior to an intravenous injection of 2 g/kg body weight of glucose. Further blood samples were amassed 2, 5, 15, 30, and 60 minutes after the injection, and serum insulin levels were determined.
Leptin restoration. Sixteen days after start of administration of doxycyclinesupplemented water, 5 IR Δwb mice and 5 respective controls were anesthetized by intraperitoneal avertin injection and subcutaneously implanted with Alzet mini-osmotic pumps (model 2001; Charles River Laboratories), which secrete 0.5 μg leptin/μl/h over a period of 7 days. Food intake, body weight, and blood glucose were measured daily over the entire period of the experiment, starting 2 days prior to pump implant. Serum samples were taken every 2 days to monitor circulating leptin concentrations. Seven days after pump implant, mice were sacrificed and hepatic Stat3 phosphorylation was assessed by western blot analysis.
Nuclear magnetic resonance. Thirty days after start of either tamoxifen or doxycycline administration, whole body composition of live animals was determined using the NMR Analyzer Minispec mq7.5 (Bruker Optik).
Insulin signaling. Mice were anesthetized by intraperitoneal injection of avertin (tribromoethyl alcohol and tert-amyl alcohol; Sigma-Aldrich), and adequacy of the anesthesia was ensured by loss of pedal reflexes. The abdominal cavity of the mice was opened, and 125-μl samples containing 5 U regular human insulin (Actrapid; Novo Nordisk) diluted in 0.9% saline were injected into the vena cava inferior. Sham injections were performed with 125 μl of 0.9% saline. Samples of liver and skeletal muscle were harvested 2 and 5 minutes after injection, respectively, and proteins were extracted from tissues for western blot analysis.
Intracerebroventricular insulin infusion. For intracerebroventricular cannula implantation, 11-week-old male C57BL/6 mice were anesthetized as previously described and placed in a stereotactic device (Stoelting; Foehr Medical Instruments GmbH). A sterile osmotic pump connector cannula (Alzet Brain Infusion Kit 3; Charles River Laboratories) was implanted into the left lateral brain ventricle (-0.2 mm anterior and 1.0 mm lateral relative to bregma and 2.3 mm below skull surface). The pedestal of the cannula was attached to the skull with cyanoacrylate adhesive. The cannula was connected to an Alzet mini-osmotic pump (model 1002; Charles River Laboratories) with a secretion rate of 200 μU insulin/d over a period of 7 days. After 7 days, animals were sacrificed and correct positioning of the intracerebroventricular cannula was verified in each animal by injection of 1% methylen blue. WAT mass was removed, weighed, and processed for histological analysis, and RNA was extracted using the Qiagen RNeasy Kit according to the manufacturer's guidelines.
Western blot analysis. Indicated tissues were dissected and homogenized in lysis buffer (50 mM HEPES, pH 7.4, 1% Triton X-100, 0.1 M sodium fluoride, 10 mM EDTA, 50 mM sodium chloride, 10 mM sodium orthovanadate, 0.1% SDS, 10 μg/ml aprotinin, 2 mM benzamidine, and 2 mM PMSF) using a Polytron homogenizer (IKA Werke). Particulate matter was removed by centrifugation at 10,000 g for 1 h at 4°C. Western blot analyses were performed according to standard protocols using antibodies against the IR β subunit (Santa Cruz Biotechnology Inc.), ObRb (Santa Cruz Biotechnology Inc.), Stat3, pStat3 (Santa Cruz Biotechnology Inc.) and pAKT (Cell Signaling Technology Inc.), with antibodies raised against AKT (Cell Signaling Technology Inc.) as loading control.
Densitometrical analysis. Protein expression was assessed by western blot analysis, and bands were measured in intensity per mm 2 using Quantity One Software (Bio-Rad). After background subtraction, each sample was normalized to an internal loading control (Akt). Average protein expression of control mice was set to 100% and compared with protein expression of knockout animals.
Southern blot analysis. Genomic DNA was extracted from indicated tissues as previously described. Phenol chloroform-extracted DNA (10 μg) was digested overnight using NcoI restriction enzyme (MBI Fermentas GmbH) and separated on a 0.8% agarose gel. The DNA was subsequently transferred and immobilized on a nylon membrane (Amersham). A probe was amplified using 2 customized primers, 5′-CCATGGGTCCATAAGC-TATC-3′ (sense) and 5′-AGTGATGAGATGGCTCATTAG-3′ (antisense), and labeled with 32 P using the Ladderman DNA Labeling Kit (TaKaRa; Cambrex Bio Science). Hybridization of the probe to its corresponding sequence of the murine IR gene on the nylon membrane was performed overnight at 68°C. Unspecifically bound probe was washed off with 1% SSC, 0.1% SDS (AppliChem GmbH) at 68°C for 20 minutes.
Tissue preparation for immunohistochemistry. Pancreatic tissue was excised and snap-frozen in Jung Tissue Freezing Medium (Leica Microsystems Nussloch GmbH), transferred to a cryostat (CM3050S; Leica Microsystems Nussloch GmbH), and cut into 7-μm-thin sections. Specimens were collected on clean poly-l-lysine-coated glass slides (Polysine; Menzel GmbH & Co.), dried at room temperature overnight, and then stained using H&E for general histology. WAT was dissected, fixed overnight in 7% formaldehyde, and then embedded for paraffin sections. Subsequently, 7-μm-thick sections were deparaffinized and stained with H&E for general histology. H&E (Sigma-Aldrich) staining was performed according to standard protocols. Pancreatic tissues were also stained for insulin (DakoCytomation) and glucagon (DakoCytomation) using a 1:20 and 1:75 dilution, respectively. Slides had been previously fixed in acetone at 4°C for 10 minutes and air dried. Both stainings were incubated with a secondary antibody consisting of a 1:100 dilution of horseradish peroxidase-coupled anti-rabbit IgG (Vector Laboratories/Linaris GmbH). Tissues were counterstained 2 minutes with Mayers hematoxylin, then washed in tepid water for 5 minutes. Stainings were analyzed with an Axioskop 40 microscope (Carl Zeiss MicroImaging GmbH), and β cell mass and adipocyte size was determined using the microscopy software AxioVision (Carl Zeiss MicroImaging GmbH).
mRNA expression. Hepatic mRNA levels were measured by quantitative RT-PCR on RNA extracted from dissected liver tissue. Total RNA for each liver was quantified by spectrophotometry after purification using the Qiagen RNeasy Kit (Qiagen). We reverse-transcribed 200 ng of each total RNA sample according to the manufacturer's protocols (Eurogentec), then PCRamplified each sample using TaqMan Principles ABI Prism 7700 Sequence Detection System (Applied Biosystems). Relative expression of ObRb, G6P, and Il6 mRNA was determined using standard curves based on hepatic cDNA, and lipoprotein lipase mRNA was determined using standard curves based on cDNA derived from WAT. Samples were adjusted for total RNA content by glucuronidase and Hprt-1 RNA quantitative PCR. Calculations were performed by a comparative method (2 -ΔΔCT ).
Statistics. All data sets were analyzed for statistical significance using a 2-tailed unpaired Student's t test. All P values below 0.05 were considered significant. Data sets of experiments displayed in Figures 3C and 4A were analyzed in addition by ANOVA using SPSS 16.0 software. All ANOVA values below 0.05 were considered significant.
